Systems of quantum dots (QD) connected to leads exhibit periodic conductance peaks as a function of gate voltage arising from the Coulomb blockade effect [1, 2, 3] . Much effort goes into minimizing the size of QDs and reaching the scale of single molecules [4, 5, 6 ] which could serve as nanoelectronic circuit components such as transistors. Connecting molecules or nanoparticles to external leads cannot be achieved by the traditional methods used in semiconductor based QDs, hence, controlling the coupling to nanoparticle QDs is a major technical challenge. Here we present a novel technique by which we can explore electric properties of a metallic nanoparticle while varying the coupling to leads. We find that the conductance through the nanoparticle is characterized by two gate voltage periods. The relative strength of the periods depends both on the dot-lead coupling and on the source-drain voltage. These surprising findings may be a general property of strongly coupled metallic nanoparticles.
The electronic properties of a dot-lead system are governed by four energy scales, k B T -the thermal energy, E C -the charging energy, ∆ -the single electron energy level spacing and Γ -the level width that depends on coupling to the leads. The ratio between Γ and ∆ distinguishes between weakly-coupled and stronglycoupled dots. Weak coupling (Γ << ∆ corresponding to conductance, σ ≪ e 2 /h) is characterized by well defined Coulomb blockade (CB) peaks, each peak representing a single electron filling of a consecutive single electronic level. CB in the strong-coupling limit, (Γ ∼ ∆, σ ∼ e 2 /h), is expected to be considerably suppressed [7, 8] and the transport should be determined by mesoscopic phenomena such as quantum interference [9] . Recently, exotic CB effects have been predicted for the case where few levels are strongly coupled to the leads while all others are weakly coupled [10, 11] . Population switching between levels may occur leading to nontrivial asymmetric conductance peaks [11, 12] .
In order to explore the transition from closed to open dots one would like to be able to control the dot-lead coupling. In structures based on low-density 2D electron gases, coupling can be controlled by applying back gate voltages. A similar technique for controlling the coupling between leads and a high-density, metallic QDs doesn't exist and varying the coupling presents a major challenge. Nevertheless, variable coupling in metallic QDs may be of great interest since ∆ is orders of magnitude smaller than E C . This provides a large range for varying Γ through ∆ while still keeping it smaller than E C . Several methods have been used for studying QDs based on metallic nanoparticles or other nano-objects. These include discontinuous films [14] , electromigration [15] , electrostatic trapping [16, 17] , break-junctions [18] and angle evaporation [19] . None of these techniques provide a way to control Γ and these dots are usually very weakly coupled. We have developed a novel technique for fabricating a metallic nanoparticle based QD while controllably varying the coupling to electrodes. Our dots are composed of gold colloids having diameters of 30nm. This yields ∆ ∼ 10µV and E c ∼ 25meV . Coupling to leads is achieved as follows [20] : On a SiSiO substrate we fabricate two gold electrodes (source and drain) separated by a gap of 10-30nm and a perpendicular side gate electrode at a distance of 150nm as shown in fig. 1 . We then deposit an adhesive layer of Poly-L-Lysine on the substrate and spread gold colloids on top. Next, we use Atomic Force Microscope (AFM) nano-manipulation to "push" a desired colloid to between the source and drain electrodes. At this stage the dot is usually very weakly connected to the leads. We vary the coupling by depositing gold atoms on top of the gold electrodes using an electrodeposition method. The substrate is placed in a solution containing potassium cyanaurate, potassium bicarbonate and potassium hydroxide [21] . A deposition current of 1µA is applied between the working electrode (for which we use the source and drain) and a gold counter electrode placed in the solution. This results in atomic gold growth on the two electrodes with extremely fine controllable rate. During the deposition process we measure the conductance between the source and drain and stop the process at any desired coupling.
We then cool the system to T=4.2K and measure transport properties. We can further apply the electrodeposition process to continue increasing the coupling strength, thus scanning the entire regime from weak to strong coupling.
Conductance versus gate voltage, σ(V g) of a typical QD system is shown in fig. 1b for three coupling strengths. Clear periodic conductance peaks, are observed for all stages. As coupling is increased two trends become apparent. First, the amplitude of the peaks decreases with coupling, as expected from the strongly coupled regime. We note that we can not directly estimate Γ from the conductivity because our dots might be highly asymmetric. σ is governed by the less connected lead, thus, the total system conductance may be much smaller than e 2 /h but the coupling to the well connected lead may be relatively high. For this reason we use the visibility Λ ≡ σ(peak)/σ(dip) as a parameter to compare coupling strengths of different samples. The second trend is that, as coupling becomes larger, additional structure emerges. The weakly coupled dot (red curve) exhibits symmetric conductance peaks. Increasing the coupling gives rise to asymmetric peaks (blue curve) which even-tually take the form of a double-peak structure (green curve). The Fourier transform (2b) reveals that for the three coupling stages σ(V g) is composed of two periods and that the relative amplitude of the faster period increases with increasing coupling.
Two periods were observed in all quantum dots (over 10) that had a resistance between 0.5-5 M Ω. A striking example is shown in fig. 2 which depicts σ(V g) for two coupling strengths and two values of source-drain voltage. It is seen that for relatively weak coupling and large bias voltage (V SD = 10mv), σ(V g) is dominated by a slow period with a small superimposed sixth harmonic (panel 2a). As coupling is increased (panel 2c), a faster period takes over. Though this fast period is close to the harmonic observed in panel 2a, Fourier analysis (panel 2e) reveals that it is not an exact harmonic of the slow period. Fig. 2 also demonstrates that a similar change in conductance oscillation period can be achieved by varying the source-drain bias voltage. For V SD = 10mv of stage 1 (2a), σ(V g) is dominated by a slow period , while at V SD = 1mV (2b), a fast period governs . Hence, a transition from a slow to a fast period can be achieved either by increasing the coupling or by deceasing the bias voltage. Fig. 2 depicts a dot in which the fast period is close to the sixth harmonic of the original period. In the rest of our dots the fast period observed at large coupling or small V SD was close to twice the slow one. Fig. 3 shows σ(V g) of such a dot for which the dependence of the conductance peaks on V SD is shown in detail. It is seen that for large V SD (2mv), σ(V g) exhibits a relatively slow periodic curve characterized by a well defined frequency, f 1 . As V SD is reduced, an additional frequency, 2f 1 , emerges and becomes larger in amplitude than the f 1 peak. Further decreasing V SD results in amplitude decrease of the 2f 1 period and the appearance of a new frequency, f 2 , that is close to 2f 1 but is not an exact harmonic.
The above findings can be summarized by the following trend for the period dominating the conductance peaks as V SD is decreased or coupling increased: f 1 → f 1 + n * f 1 → f 2 with f 2 ∼ n * f 1 and n observed between 2 and 6. It turns out that the value of V SD below which f 2 starts playing a significant role depends on the coupling. This is demonstrated by comparing figures 2 and 3. The dot of fig. 3 is a relatively weakly coupled (Λ = 2 at V SD = 1mV ). In this sample the faster period becomes measurable only below 1mV. In stage 1 of fig. 2 (panels 2a and 2b), Λ 1mV = 1.5 and the fast period is observed for V SD as high as 10mV and for stage 2 of this dot (2c and 2d), which has the strongest coupling, Λ = 1.08, the fast period is observed for the entire range of measured bias voltages V SD ≤ 25mV . It appears, therefore, that the emergence of the fast period depends on the interplay between Γ and V SD .
The observation of two conductance periods in a quantum dot is a very unexpected result. A natural cause for such an effect would be the presence of two dots participating in the transport. This seems very unlikely in our case for a number of reasons. First, we did not observe an additional particle between the electrodes at any stage of the fabrication process using SEM or AFM imaging. Usually, the dots should be about a factor of two different in size. Hence, the two dots should be easily observable using advanced microscopy. Furthermore, before "pushing" a gold particle between the source and drain we never measured peaks in the σ(V g) curves. We checked the possibility that a second dot is created during the electrodeposition process by growing our electrodes one towards the other without placing a dot in the gap. These samples exhibited featureless σ(V g). Chemical analysis showed that the gold atoms are evaporated only on the electrodes and not on the SiO substrate. It is hard, therefore, to see what would be the origin of a second dot in our system and we are compelled to assume that the cause for the two periods is an inherent property of the single nanoparticle. We have considered the possibility that the fast period is not a CB effect but rather a result of quantum interference between trajectories in which V g changes the phase difference between the electronic trajectories via ∆k F · l. Here l is the path length difference between a couple of electronic trajectories dominating the transport through the dot. The value of l which corresponds to the measured conductance periodicity and ∆k F is a few tens of nm, which is about the size of the dot. This should manifest itself by Aharonov-Bohm conductance oscillations as a function of magnetic field, H. The magnetic field period that corresponds to the area enclosed by the trajectories is ∼ 6T . We have performed σ(V g) measurements at various magnetic fields in the range of ±3T parallel to the substrates on three of our dots and have not been able to detect any significant magnetic field affect. Fig. 4 shows an example for such measurements in which the curves at different fields are identical except for typical scan to scan variations. Thus, unless the electronic trajectories in the dot are confined to the substrate plane, quantum interference can not be invoked in order to explain the periodicity of the conductance.
An alternative explanation for switching between two periods may be the fact that typical nanoparticles are chemically formed and are coated by a protective molecular layer of organic compounds and salts. It has been suggested [22] that these may give rise to electronic surface states creating an excess charge plane above the dot. Hence, the electronic states may be divided into surface and bulk states which may play the role of a "two dot" system. Population switching between the two sets of states may result in two conductance-peak periods, inherent to a strongly coupled nanoparticle based QD, although the application of such a scenario to explain our findings would require a better theoretical understanding of population switching as a function of coupling, sourcedrain voltage and the interplay between them.
